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ABSTRACT 
A Framework for better Understanding and Enhancing Direct Contact Membrane 
Distillation (DCMD) in terms of Module Design, Cost Analysis and Energy Required 
Ali Zahi AbuHannoud 
 
Water is becoming scarcer and several authors have highlighted the upcoming problem of 
higher water salinity and the difficulty of treating and discharging water. Moreover, 
current discoveries of problems with chemicals that have been used for pretreating or 
post-treating water alerted scientists to research better solutions to treat water. Membrane 
distillation (MD) is a promising technology that might replace current processes as it has 
lower pretreatment requirements combined with a tremendous ability to treat a wide 
range of feed sources while producing very high product quality. If it enters the market, it 
will have a big influence on all products, from food industry to spaceflight. However, 
there are several problems which make MD a hot topic for research. One of them is the 
question about the real cost of MD in terms of heating feed and cooling distillate over 
time with respect to product quantity and quality. In this work, extensive heating and 
cooling analyses are covered to answer this question in order to enhance the MD process. 
Results show energy cost to produce water and the main source of energy loss for direct 
contact membrane distillation (DCMD), and several suggestions are made in order to 
better understand and hence enhance the process. 
Keywords: Direct Contact Membrane Distillation (DCMD), Energy Analysis for DCMD, 
Energy Required for DCMD, Cost of DCMD Process  
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Chapter I Introduction 
 
I.I General Background 
 
 
More than one billion people living without a safe drinking water because of the huge 
energy required to run desalination plants as the World Health Organization (WHO) 
announced. The energy limitations of traditional separation processes provided the 
impetus for the development and the commercialization of membrane processes. 
Moreover, one of the limitations of membrane processes is severe loss of productivity 
due to concentration polarization and fouling and/ or scaling. Membrane pre-treatment 
processes are designed to minimize the potential problems of scaling resulting from the 
precipitation of the slightly soluble ions (Gryta 2011). 
As concluded in Research Frontier Conference sponsored by the Association of 
Environmental Engineering and Science Professors (AEESP), five research directions 
were highlighted to be pursued in order to meet the demands of a sustainable 
environment. One of these directions, "Targeted or Tailored Separation and Destruction 
Systems", includes membrane processes. The summary refers to the development of 
membrane applications that employ new advances in membrane chemistry, membrane 
physical properties, and flow configurations (Childress 2011).  
Moreover, membrane technologies were identified a necessary research area to 
develop cost-effective technological tools that can be used to help solve the nation's water 
supply challenges as The Desalination and Water Purification Technology Roadmap 
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stated. The research areas identified in the Roadmap were selected to both speed the 
evolution of existing (current-generation) desalination and water purification 
technologies and to lay the scientific and technical foundation for the development of 
advanced, next-generation technologies (Childress 2011).  
For that reason, much research is conducted on advanced water treatment 
technologies. There are enormous technologies under development, such as 
Electrodeionization (EDI), Membrane Distillation (MD), Freeze Separation (FS), 
Capacitive Deionization (CDI), Rapid Spray Evaporation (RSE), Freezing with Hydrates 
(FH), and Vacuum Distillation (VD) (Tamim Younos 2005). 
 
I.1. Hypothesis  
 
MD is one of the emerging technologies for separation as it is classified as a non-
isothermal process suited for applications in which water is the major component present 
in the feed solution to be treated. It is a thermally driven transport of vapor through non-
wetted porous hydrophobic membranes, where the driving force is the partial pressure 
difference between each side of the membrane pores forming a liquid-vapor at the 
entrance to the membrane's pores (Li 2008).  
According to Terminology for MD, the name "membrane distillation" should be used 
for a membrane operation having the following characteristics: 
 The membrane should be porous. 
 The membrane should not be wetted by process liquids. 
 No capillary condensation should take place inside the pores of the membrane. 
13 
 
 Only vapor should be transported through the pores of the membrane. 
 The membrane must not alter the vapor equilibrium between the different 
components in the process liquids. 
 For each component the driving force of the membrane operation is a partial 
pressure gradient in the vapor phase (Tomaszewska 2000). 
The process of direct contact membrane distillation (DCMD) essentially consists of 
the following steps: 
 Evaporation of volatile compounds of a feed at the warm feed/membrane 
interface. 
 Transfer of vapor through the membrane pores. 
 Condensation of the permeate at the membrane/cold distillate interface 
(Tomaszewska 2000). 
The separation mechanism is based on the vapor/liquid equilibrium. This means that 
the component with the highest partial pressure will exhibit the highest permeation rate. 
MD is a highly selective operation for non-volatile species, but when volatile species are 
present in the feed they will be also transported through the membrane (Tomaszewska 
2000). 
Since MD integrates both conventional distillation and membrane methods 
advantages, it became a hot topic of research as they are having the following properties: 
1. Small footprint. 
2. Low energy cost. 
3. Produces high quality water. 
4. Compared to conventional distillation, MD operating temperature is lower. 
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5. The chemical interaction between membrane and feed is reduced. 
6. The mechanical strength of the membrane is not an important issue (S.T. Hsu 
2002). 
 
I.2. Objectives and Goals 
 
MD has many potential applications, which can be used to replace the current 
technologies used in the market in desalination, wastewater treatment, water reuse and 
enhancing recovery, in addition to industrial applications such as food industry, 
Pharmaceutical & Biomedical, Nuclear Industry Textile and Chemical Industries (M.S. 
El-Bourawi 2006)). 
MD faces several challenges which explain why it still has not been fully 
commercialized. These problems can be summarized in the following points: 
1. Membrane design. 
2. Module design. 
3. Membrane pore wetting. 
4. Low permeate flow rate. 
5. Flux decay. 
6. Uncertain energetic and financial costs (M.S. El-Bourawi 2006). 
In this work, several membranes were tested with a new module design to overcome 
some of the problems with the current technology. 
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I.3. Problem Identification 
 
Based on the objectives above, two questions have not yet been fully answered, which is 
believed to be hindering the commercialization of MD. They are: 
Does module design really affect the permeate flux and reduce the heat loss across the 
module? And is it really feasible to invest in MD? 
 These two questions lead to several further questions, such as: 
1. What should the MD design be based on? 
2. What is the correct energy analysis to be done on MD? 
3. What should the MD energy analysis be based on? 
The following steps were used to answer these questions: 
1. Investigate further the theory of MD, especially heat and mass transfer. 
2. Investigate fluid dynamics and its behavior to reach a better module design. 
3. The use of a baseline case before running into real and complicated situations. 
4. Accurate and repetitive experimental analysis under the exact same conditions, 
varying one condition at a time. 
5. Use of engineering common sense in finding optimum limits based on 
mathematical derivations and other techniques, focusing on energy analysis 
and economic impact (i.e. cost) over time. 
 
16 
 
I.4. Thesis Layout 
 
This thesis is structured as follows: 
 Chapter One represents the background and objective, as well as the defined 
problems for the present work. 
 Chapter Two discusses the fundamentals of MD, its configurations and 
characteristics. This will be followed by the required tests to be done on MD and the 
dominant flow types on MD. Heat and mass transfer in MD followed by a brief 
discussion about fouling and suggested pre-treatments. MD challenges and future studies 
will be highlighted. The chapter concludes with case studies of some authors and their 
conclusions. 
 Chapter Three describes the experimental methods carried out in this work that 
include material used, experimental set-up and the analysis used in this work. 
 Chapter Four presents the obtained results with detailed discussion and 
comparison with other authors' work.  
 Chapter Five summarizes the report with a conclusion and several 
recommendations to be highlighted for future work. 
 
  
17 
 
Chapter II Literature Review 
 
In this section, a detailed discussion will cover the needs of MD, its principle, main 
configurations, heat and mass transfer in MD and concluding by highlighting the 
interesting results found by several authors. 
 
II.1. Desalination Market 
 
A general overview of the current desalination market will be given with concentration 
on the most important parts of leading technologies. All of the following information is 
taken from IDA Desalination Yearbooks (2006-2011). 
 
Figure ‎II-1: (a) Total Worldwide Installed Capacity by User Type (b) Global Cumulative Contracted and 
Commissioned Desalination Capacity, 1965 – 2010 (IDA 2006-2011) 
(a)       (b) 
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In Figure ‎II-1, it is clear that desalination capacity is increasing rapidly (~170% in 
the last 5 years). This is an indication of how important desalinating water is becoming in 
the last half decade. This huge capacity is equivalent to the whole capacity from 1995-
2005. Also, it shows in which area water is essential component. Making sustainable 
plans on municipal consumption will reduce the water stress. Moreover, controlling the 
water used in industry and its waste will reduce the water demand. 
 
Figure ‎II-2: (a) Annual New Contracted Capacity by Feed water Type, 1990 – 2009 (b) Total Worldwide 
Installed Capacity by Feed Water Category (IDA 2006-2011) 
 
The world is switching to desalinate seawater and it is getting more under demand. 
It is estimated that seawater to brackish one has 230% percent in terms of usage in 2009 
according to Figure ‎II-2 (a) and it contains 60% of the total worldwide as illustrated in 
Figure ‎II-2 (b). 
 
(a)        (b) 
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In Figure ‎II-3, the capacity of membrane based plants worldwide is 2.75 higher 
than thermal based ones. This is a strong indication that membranes are the future of the 
desalination technology and the demand on membranes will be much higher as they 
consume less energy. As a matter of fact, thermal plants are not common but in the areas 
where energy production is cheap and usually they are next to power plants (co-
generation). Moreover, RO plants taking most of the membrane desalination technologies 
and leads the whole desalination process worldwide followed by MFS with 224% 
difference between them. 
 
 
Figure ‎II-3: (a) Installed Membrane and Thermal Capacity, 1980-2009 (Cumulative) (b) Total Worldwide 
Installed Capacity by Technology (IDA 2006-2011)  
 
The conclusion from this market evaluation is that water demand is drastically 
increasing and the membrane technology is the leading one among all of others, 
particularly RO. 
(a)        (b) 
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II.2. Desalination Technologies 
In this section, an overview of some desalination plants and their water product is 
highlighted in the table below: 
Table ‎II-1: Summary of RO Desalination Plants (IDA 2006-2011) 
Name of the plant and location 
Energy 
consumption 
(kWh/m
3
) 
Plant 
Capacity 
(m
3
/ day) 
Product 
TDS 
(mg/l) 
Ashkelon SWRO Project, Israel 3.9 326144 300 
Carboneras SWRO Project, Spain 4.08 120000 <500 
Fujairah Desalination Project, UAE 
First pass 
4.8 170000 
590 
Second pass 180 
Fukuoka SWRO Project, Japan 5.5 50000 <200 
Tuas (SingSpring) SWRO Project, Singapore 4.34 136360 <250 
Pinewoods Water Plant, Florida USA - 11355 120 
Barcelona-Llobregat Desalination Plant, Spain 4.17 200000 400 
Beckton Desalination Plant, London - 150000 <500 
Alicante Desalination Plant, Spain: 
Alicante 1 4.52 65000 <400 
Alicante2 3.6 65000 <200 
Changi NEWater Plant, Singapore - 228000 <150 
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North Side Water Works – Cayman Islands 3.61 9000 <400 
Fair Coal Bed Methane Project – Australia - 5500 <150 
Hadera SWRO – Israel 4 347942 300 
Sydney Water SWRO – Australia 3.25 250000 115 
Town of Jupiter, Florida USA - 54882 225 
 
In general, it is above 3 kWh/ m
3
 with energy recovery systems for seawater and 
from 1 to 3 kWh for brackish water. Thermodynamically, to get fresh water from 
seawater, 0.8 kWh/ m
3
 is required, which is about twice lower than the existing energy 
consumption. 
Table ‎II-2: Summary of MSF Desalination Plants (IDA 2006-2011) 
Name of the plant and location 
Electrical Energy 
Consumption 
(kWh/m
3
) 
Planet Capacity 
(m
3
/ day) 
Product 
TDS (mg/l) 
Fujairah Desalination Project, 
UAE 
4.3 284000 25 
Shuwihat Desalination Plant, 
UAE 
- 454200 <250 
Al Taweelah Desalination Facility, UAE  
B 4.2 6@57230  
B2 4.2 3@34975  
A1-Phase 1 4.3 4@36200  
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A2 3.5 4@57456  
 
This is coupled with heat recovery system and wasted energy produced; otherwise the 
production of MSF should be between 15.3-16.72 kWh as calculated (without energy 
recovery system). But they still use heat in addition to waste heat. 
 
II.3. Needs for New Desalination Technologies 
 
RO process has a high rejection value. It is also a durable process which requires small 
footprint with simple operation. Moreover, RO requires a minimal resupply of 
consumables. However, it has some disadvantages such as being susceptible to fouling by 
dissolved and particulate materials, and it allows the passage of small molecules such as 
urea and endocrine disrupting compounds (Childress 2007). 
 As most, if not all of the current technologies have several disadvantages, such as 
high energy consumption levels, problems with operation and maintenance, high capital 
cost (initial and/ or running), the big amount of chemical used, environmental issues (like 
carbon emissions, brine discharge, chemical discharge and others), little product amount 
and quality issues, short life cycle of the desalination plant, fouling problems and it takes 
huge footprint areas. Those problems and others made researchers think of new 
technologies to overcome some, if not all, of those problems. 
 Those drawbacks made researchers invent new desalination technologies, such as, 
electrodeionization (EDI), membrane distillation (MD), freeze separation (FS), capacitive 
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deionization (CDI), rapid spray evaporation (RSE), freezing with hydrates (FH), vacuum 
distillation (VD), adsorption distillation (AD) and others (Tamim Younos 2005). 
This research will focus on MD, illustrating more details about its theory, 
applications and other critical issues. MD has several benefits such as having the 
operating feed temperature is lower than conventional distillation, producing high 
product quality, having less energy cost than conventional thermal process, compacted in 
facility, allowing lower chemical usage, reducing the demand on membrane strength, 
lower environmental impact, ability of treating high salinity solutions while providing 
enhanced recovery, and the ability of coupling it with waste and/ or sustainable sources 
of energy (S.T. Hsu 2002; Childress 2011). 
MD process requires much lower feed water pre-treatment. As a result, it enables the 
production of pure water from various water sources. However, the feed usually contains 
various impurities, which in turn lead to the formation of deposit. Consequently, 
membranes lose their separation properties and the MD process stops. This is why it is 
essential to prevent formation of deposits on the membrane surfaces (Gryta 2011). 
 
II.4. The Principle of MD 
 
The main principle of MD begins with the idea the higher the water temperature, the 
higher its vapor pressure. Even under boiling point, hot water evaporates and this make 
distilled water if vapor meets a cold surface. Hot and cold water create vapor pressure 
difference. This imbalance between the different sides of the membrane occurs due to a 
corresponding temperature difference, i.e. water evaporates at an entrance to a membrane 
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pore, enters into a region of high water vapor concentration in the air within the 
membrane, and diffuses down a concentration gradient. The water vapor moves through 
the membrane until it reaches the region of low water vapor concentration at the exit of 
the pore. Here it condenses, and can be collected as pure water. Figure ‎II-4Figure ‎II-5 and 
Figure ‎II-5 illustrate the idea how MD works. 
 
Figure ‎II-4: MD Principle (Koschikowski, Wieghaus et al. 2009) 
 
Figure ‎II-4 presents the general idea of how MD works. The main disadvantage in 
my opinion is having pure water in the distillate side, which is what we need to have at 
the end. This will be discussed in details later on MD Configurations. 
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Figure ‎II-5: Vapor Pressure of Pure Water and Seawater as a Function of Temperature (Edward Close 2010) 
If the seawater's temperature is heated to 70 
○
C it has around 0.28 bars of vapor 
pressure, while the pure water's vapor pressure at 20 
○
C is about 0.015 bars. This vapor 
pressure of 0.265 bars drives the distillation process. 
 
II.5. MD Configurations  
 
MD has four different main configurations as shown in Figure ‎II-6: 
 
 
Figure ‎II-6: MD Configurations (M.S. El-Bourawi 2006) 
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Direct Contact Membrane Distillation (DCMD): it is achieved by having hot feed 
and cold distillate in direct contact, separated by a hydrophobic porous membrane only. 
The difference in temperature creates a difference in vapor pressure, and hence the 
volatile molecules evaporate at the hot liquid-vapor interface and condensate in the cold 
side (Li 2008). DCMD is widely studied in literature because the condensation step 
happens inside the membrane module, implying a simpler operation and less expensive 
devices (M.S. El-Bourawi 2006). Several enhancements can be done on DCMD to get 
better conditions, an example of addition of stagnant cold liquid in the permeate side of 
the membrane to get a new result and it is called liquid gap direct contact membrane 
distillation (LGDCMD). DCMD produces high-purity water with the highest amount of 
fluxes among all types of MD and it is used in the medical and pharmaceutical sectors. It 
can be also utilized in food industry. Moreover, DCMD can be used for wastewater 
treatment, which helps in producing better permeate to be discharged in the environment 
or to recover valuable compounds. Furthermore, it can be used, under certain conditions, 
to break azeotropic mixtures (Li 2008). However, the main disadvantage here is the need 
of high purity water to begin the process, which makes DCMD not suitable for some 
applications where water crisis happen.  
Air Gap Membrane Distillation (AGMD): A stagnant air gap is inserted between 
the two sides of the operation. This is followed by a condensation surface to allow the 
product to be collected. AGMD is reported to be the second most studied configuration of 
MD (M.S. El-Bourawi 2006).  The cool side can be any type of cooling agent under any 
quality. This makes the AGMD suitable for using any kind of low temperature liquid. 
Moreover, it has low heat loss by conduction throughout the membrane. In addition to the 
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food industrial usages and potential usage to recover ethanol from fermentation broth and 
alcohol removal, AGMD has improved separation effect and its main application is to 
remove the organic compounds from aqueous solutions (Li 2008). However, it has very 
low product fluxes which make it really hard to be applied as commercial product 
because the volatile molecules must cross membrane and air gap which lower the 
permeate flux. 
Sweep Gas Membrane Distillation (SGMD): this configuration contains a hot side 
and a cold inert gas in the other side. This operation will carry the vapor molecules 
outside the membrane module to be condensate. SGMD is reported to be the least studied 
configuration of MD (M.S. El-Bourawi 2006). It combines both low heat loss by 
conduction through the membrane and reduced mass transfer resistance. The usage of gas 
has both advantages and disadvantages; one of the formers is the low thermal capacity of 
gases which reduces the energy cost while the latter is the rapid rise of the gas 
temperature along the membrane module when it is compared to the decrease of the feed 
liquid temperature. It can be used for desalinating water and other applications, such as 
removal organics from dilute organic/water mixtures such as esters, chlorinated 
hydrocarbons, and aromatic compounds (Li 2008). 
Vacuum Membrane Distillation (VMD): vacuum is applied in the permeate side of 
the membrane by addition of a vacuum pump to lower the saturation pressure of the 
volatile molecules to be separated from feed and condensation happens outside the 
membrane module. It can be used to extract VOCs from dilute aqueous solutions and 
treat dilute alcohol solutions in addition to the treating wastewater and desalination (M.S. 
El-Bourawi 2006; Li 2008). VMD can be used without any liquid, just by applying 
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vacuum pump and it can give the highest fluxes among all MD configurations. It is the 
only configuration that can be applied in series and have promising future. 
 
II.6. MD Characteristics  
 
II.6.1. Membrane Characteristics 
 
One of the main challenges of MD is to choose the most suitable membrane 
because of the fact that the presence of only vapor phase in the membrane pores is a 
necessary condition for MD. Therefore, hydrophobicity of the membrane (i.e. its non-
wettability which prevents the bulk liquid transport across the membrane) plays an 
essential role in this process (Tomaszewska 2000). 
Until now, there is no membrane made up for this process. Most of the tested 
membranes are used for microfiltration applications. 
The membrane must have the following criteria 
 Good long term thermal stability: almost all conventional polymer membranes are 
thermally unstable (Pinappu 2010). 
 Excellent chemical resistance to wide range of feed solutions as well as acids and 
bases: this property is available and most of the membranes have a good wide 
range of pH level. 
 High liquid entry pressure (LEP): it is defined as the minimum hydrostatic 
pressure needed to be applied on the membrane to allow liquid water to penetrate 
into the pores of the membrane. LEP is a membrane property, means that for each 
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membrane there is a different value (M.S. El-Bourawi 2006). A very important 
parameter which determines the magnitude of pressure which should not be 
exceeded. It can be calculated using the Laplace equation defined as follows 
Equation 1: Laplace Equation 
           
          
  
 …… (1) 
Where ΔP‎is‎liquid‎entry pressure (LEP), B is the pore geometry coefficient (B = 
1‎for‎cylindrical‎pores),‎σ‎is‎the‎surface‎tension‎of‎the‎liquid,‎θ is the liquid contact 
angle, dP is the diameter of the pores, PF and PD are the hydraulic pressure on the feed 
and distillate side, respectively (Gryta 2011). 
The presence of surfactants or organic solvents may significantly reduce the 
liquid surface tension and cause membrane wetting. The wetted membrane must be 
completely dried and cleaned before subsequent use (Tomaszewska 2000). 
Pore wetting will occur if solutions alter membrane surface chemistry and/ or if 
the transmembrane hydrostatic pressure exceed LEP of the aqueous solutions present 
in the module and permeate quality may be affected. Also, LEPw of water is a 
function of the difference in temperature along the boundary layer between feed and 
permeate solutions the moment they get into a direct contact with the membrane (it 
has to be measured). Moreover, several conditions during casting the membrane may 
affect its LEP such as increase in salt concentration and others (Li 2008). 
 High permeability: The flux is proportional to the membrane pore size and 
porosity while it decreases rapidly with increasing membrane thickness and pore 
tortuosity. Giving the fact that thicker membranes give better heat efficiency, an 
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optimum result should be researched. In literature, the range suggested by many 
researches is within 30–60 µm (M.S. El-Bourawi 2006). 
 Membrane porosity: the higher porous the membrane, the greater surface area for 
evaporation, means the permeate flux goes higher. Also, a more porous membrane 
results in a lower conductive heat loss since the presence of air will enhance the 
membrane insulation coefficient. 
 Narrow pore size distribution: it is important parameter in order to avoid wetting 
of maximum pore sizes or fraction of the number of pores. Almost all membranes 
have a non-uniform pore size distribution due to thermal expansion and 
contraction during the process (Pinappu 2010). 
Porosity can be determined by measuring the density of the membrane using two 
types of liquid (wetting vs. non-wetting one) and the following equation is used: 
Equation 2: Porosity 
      
  
  
 ……‎(2) 
 
Where ρm and ρP are densities obtained using water and isopropyl alcohol (IPA) 
(Li 2008). 
 Low thermal conductivity: almost all membranes have high heat losses within the 
membrane (Pinappu 2010). Thermal conductivity is measured according to the 
standard ASTM C177 method and the equation used is as follows: 
Equation 3: Thermal Conductivity 
         (   )   ……‎(3) 
Note that it can be measured by modified Less method. Also, the following 
equation may be better prediction for some membranes 
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Equation 4: Modified Thermal Conductivity 
    (
 
  
  
(   )
  
)
  
……‎(4) 
 
One must note that the support layer of membrane must not increase the heat and 
mass transfer resistances to higher levels. Moreover, it should be strong enough to 
prevent deflection or rupture of the membrane. 
Some of the problems can be fixed by using a composite membrane (hydrophobic + 
hydrophilic polymers or hydrophobic polymer + hydrophobic inorganics). The top 
hydrophobic thin layer will be responsible for mass transport in MD process while the top 
hydrophobic and hydrophilic sub layer will prevent the conductive heat loss through the 
whole membrane matrix (Pinappu 2010). 
 
II.6.2. Module characteristics 
 
The module must match certain criteria which can be listed below:  
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1. It should provide high membrane surface area, which means high packing density. 
Also, the module should provide high flow rates for both feed and permeate sides 
with high turbulence.  
2. Low value of TPC, which implies minimum change between the bulk solution and the 
solution at the membrane interface in terms of temperature and thus gives high rates 
of heat and mass transfer. 
3. High heat and mass transfer.  
4. The pressure drop across the membrane module should be low. 
5. Environmental heat loss should be minimized and furthermore, the module should be 
combined with a good heat recovery system (i.e. internal heat exchanger) (Li 2008). 
There are several shapes of membranes for MD applications which are under 
experiment studies, such as, flat sheet, hollow fibers and spiral wound. MD is under lab 
scale and some have pilot plants (will be covered in details under ‎0‎II.12 Case Studies) 
while some papers claiming that they have commercial models such as PTFE membranes 
made by PALL Corporation. The last two are presented in Figure ‎II-7 and the flat sheet 
will be presented in III.2.1.  Module Design.  
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Figure ‎II-7: Available MD: (a) Spiral Wound Sectional View (b) Spiral Wound Pilot Scale and (c) Hollow Fibers 
(Plantikow 1995; Li 2008; MEDIRAS 2011) 
 
II.7. Tests to be done on MD 
 
1. Gas permeation test (GPT) is done to determine the mean pore size (dP) and effective 
porosity (   ⁄
),‎then‎tortuosity‎(τ): 
Equation 5: Tortuosity 
(a)                                                                                                     (b) 
(c) 
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 (   ⁄
)
 ……‎(5) 
Where‎δ‎is‎the membrane‎thickness.‎Note‎that‎τ‎is‎estimated‎at‎a‎value‎equal‎to‎2 
(M.S. El-Bourawi 2006). 
2. Wet/dry flow method can be used to determine maximum pore size, mean pore size 
and pore size distribution of the membrane. GPT is a better option. 
3. Scanning electron microscopy (SEM) may be used; however, the surface of the 
membrane will be damaged. Therefore, GPT is a better option (M.S. El-Bourawi 
2006; Li 2008). 
4. Atomic force microscopy (AFM) is currently used because it is a more accurate 
measurement used to determine the mean pore size, pore size distribution, porosity 
and roughness parameters of both the hydrophobic top and bottom surfaces (M.S. El-
Bourawi 2006; Li 2008). 
5. LEP of water measurement to prevent pore flooding during DCMD experiments (M.S. 
El-Bourawi 2006; Li 2008).  
6. Scanning electron microscopy (SEM) or transmission electron microscopy (TEM) to 
visualize the morphological structure of the membrane thickness, contact angle 
measurements of both the top and bottom surfaces of the composite membranes (M.S. 
El-Bourawi 2006; Li 2008).  
7. X-ray photoelectron spectroscopy (XPS) to analyze the compositions near the 
membrane surface and mechanical tests (M.S. El-Bourawi 2006; Li 2008). 
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II.8. Types of Flow in MD 
 
Because of the fact that MD process involved of evaporation throughout a porous 
media, it is believed that the pore size is the main constrain in which certain flow 
phenomena will occur. It is believed that one of the following four flows may occur: 
Knudsen-diffusion (K), Poiseuille-flow (P), Molecular-diffusion (M) or the 
combinations between them known as transition mechanism (M.S. El-Bourawi 2006). 
A detailed explanation will be followed to know what the dominant flow is and 
how to control it. 
 
II.8.1. Knudsen-diffusion 
 
It is believed that the dominant forces in DCMD are Knudsen and viscous flows 
(Li 2008). The Knudsen diffusion is a phenomenon describing the way of molecular 
gases diffusing throughout a long pore with a narrow diameter (2–50 nm). The molecules 
will frequently collide with the pore wall through the diffusion process. Knudsen 
diffusion can be estimated by Knudsen number (Kn) which is defined as the ratio of the 
mean free path, λ, of the transported molecules to the pore size of the membrane. The 
mean free path, λi, for specie i can be calculated using the following expression: 
Equation 6: Mean Free Path 
   
   
√   ̅  
 ……‎(6) 
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Where: σi is the collision diameter (2.641 Å for water vapor), kB is the Boltzmann 
constant,  ̅ is the mean pressure within the membrane pores, and T is the absolute 
temperature. Knudsen type of flow is predominant under the condition in which the ratio 
of the pore radius to the mean free path (i.e., rp/ λi) is lower than 0.05 (Li 2008). 
When comparing the mean free path with the membrane pore size and the result 
was Kn > 1 or dp <‎λi, the Knudsen type of flow is responsible for mass transfer through 
the membrane pore, and the molecule–pore wall collisions are dominant over the 
molecule–molecule collisions. In this case the permeability through each pore in the 
Knudsen region can be expressed as follows: 
Equation 7: Permeability through Each Pore in the Knudsen Region 
  
   
  
 
 
 
√
   
   
 
  
 
  
 ……‎(7) 
Where rk is the pore radius in the Knudsen region, Mi is the molecular weight of 
specie i, R is the gas constant, and δ is the membrane thickness (Li 2008). 
 
II.8.2. Poiseuille Diffusion 
 
It describes flow of viscous gas through a none-narrow porous structure. It can be 
estimated as follows: 
Equation 8: Poiseuille Diffusion  
    
 
 
 
   
 
 
 
 
 
  
  
 
  
 
 ……‎(8) 
Where: r = membrane pore radius, R = gas constant, T = temperature, δ = 
membrane thickness, ε = membrane porosity, η = gas viscosity and τ = membrane 
tortuosity (Schofield, Fane et al. 1990). 
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II.8.3. Molecular Diffusion 
 
It is the process of transporting the material in stagnant fluid or across streamlines 
of a fluid in a laminar flow. It occurs when Kn‎<‎0.01‎(i.e.,‎dp‎>‎100‎λi) and it can be used 
to describe the mass transport in the continuum region caused by the virtually stagnant air 
trapped within each membrane pore due to the low solubility of air in water, which is the 
major component in feed and permeate solutions used in DCMD. The following equation 
is used to evaluate the process: 
Equation 9: Permeability through Each Pore in the Molecular Diffusion Region 
  
   
 
  
   
  
 
  
 
  
 ……‎(9) 
Where Di is the diffusion coefficient, P is the total pressure inside the pore, and pa 
is the air pressure in the membrane pore. PDi can be calculated from the following 
equation: 
Equation 10: PDi Calculation 
             
         ……‎(10) 
II.8.4. Transition Mechanism 
 
In‎transition‎region,‎0.01‎<‎Kn‎<‎1‎(i.e.,‎λi < dp <‎100‎λi), a combined 
Knudsen/ordinary diffusion mechanism happens as expressed in the following equation: 
Equation 11: Combined Knudsen/Ordinary Diffusion Mechanism 
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√
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 )
  
]
  
……‎(11) 
Where rt is the pore radius in the transition region. 
It must be mentioned that there are other equations presented in other papers 
considering the pore size distribution. Also, it has been found experimentally that the 
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calculated DCMD flux considering Knudsen mechanism is higher than that considering 
the combined Knudsen/molecular diffusion mechanism under same experimental 
conditions. Nevertheless, there is a point where the DCMD flux will not necessarily 
increase with the increase of the pore size, and this point is near the critical pore size. 
Therefore, under certain operating conditions, it would be better to use membranes with 
lower pore size which leads to higher DCMD flux than the membranes having larger pore 
sizes where is better and recommended to drive the membrane to work under the 
Knudsen type of flow (Li 2008).  
 
II.9. Heat and Mass Transfer in MD 
 
The MD process has two main mechanisms, which are heat and mass transfer. 
They can be explained as follows: 
II.9.1. Heat Transfer 
 
It is believed that it is the controlled process in MD. For that reason, understanding 
heat transfer is very important for all MD configurations. As shown in Figure ‎II-8, there 
are four transports occurring on MD and they are listed as follows:  
1. From solution to the membrane surface 
2. Throughout the membrane matrix and the gas filled pores 
3. Latent heat of vaporization (the evaporation step) 
4. From membrane surface to the permeate (M.S. El-Bourawi 2006) 
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Figure ‎II-8: Principle of Membrane Distillation (M.S. El-Bourawi 2006) 
 
1. From solution to the membrane surface: heat transfer is reduced because of the 
boundary layer formed at each side of the membrane surface. This makes the 
temperature difference at the liquid/membrane interfaces lower than that applied 
at the bulk phases and hence lower the driving force for mass transfer (due to the 
effect of temperature polarization) (M.S. El-Bourawi 2006). 
In literature, it is believed that temperature polarization is related to heat 
transfer coefficient, which can be described as follows: 
Equation 12: Heat Transfer Coefficient 
    
  
       
 ……‎(12) 
Where: qf is the heat flux, hf is the heat transfer coefficient of the boundary 
layer (M.S. El-Bourawi 2006).  
Temperature polarization coefficient (TPC) can be calculated as follows 
Equation 13: Temperature Polarization Coefficient 
      
        
        
 ……‎(13) 
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Where: Tfm is the temperature of feed at the membrane surface temperature, 
Tpm is the temperature of permeate at the membrane surface, Tfb is the 
temperature of feed in the fluid bulk temperature, and Tpb is the temperature of 
permeate in the fluid bulk temperature. It must be noted that temperature 
polarization effect increases with the feed temperature, keeping in mind that at 
higher feed temperatures usually results in an exponential increase in the 
transmembrane flux (M.S. El-Bourawi 2006). 
2. Heat transfer throughout the membrane matrix and the gas filled pores: this 
process must be decreased to decrease the temperature polarization effect (TPE), 
hence results in increasing the efficiency of MD. This heat loss can be controlled 
by increasing the porosity of the used membranes and then the heat loss by 
conduction will be minimized (M.S. El-Bourawi 2006). 
The following equation could be used to evaluate the heat flux (qm) 
throughout the membrane: 
Equation 14: Heat Flux throughout the Membrane 
       (         ) ……‎(14) 
 Where: hm is the heat transfer coefficient and can be calculated as follows 
Equation 15: Heat Transfer Coefficient 
   
  
  
 ……‎(15) 
 Where: λm is the average thermal conductivity of the membrane and can be 
calculated as follows: 
Equation 16: Average Thermal Conductivity of the Membrane 
      (     )   ……‎(16) 
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 Where: ε‎is‎the‎membrane‎porosity,‎λs and‎λg are the thermal conductivities of the 
membrane material and the gas in the pores, respectively (M.S. El-Bourawi 2006). 
3. Latent heat of vaporization (Efficient heat in MD): it is the amount of heat that 
contributes in the evaporation step. Once the following conditions are met, the 
latent heat will be maximum:  
a. TPE is minimized. 
b. Internal heat lost by conduction through the membrane is reduced. 
c. External heat lost to the environment is reduced.  
 
The heat lost by conduction can be estimated by the following equation: 
Equation 17: Heat Lost By Conduction 
         ……‎(17) 
 
Where: N is the molar flux and can be calculated as follows: 
Equation 18: Molar Flux 
    
   
   
 ……‎(18) 
 
Where: r is the mean pore size of the membrane pores, "a" is factor whose value 
equals 1 or 2 for Knudsen diffusion and viscous fluxes, respectively. ∆Hv is th1e 
latent heat of vaporization (M.S. El-Bourawi 2006). 
The total heat transferred through the membrane (qm+v) can be estimated as 
follows: 
Equation 19: Total Heat Transferred through the Membrane 
                   (         )        ……‎(19) 
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4. From membrane surface to the permeate: The heat flux that takes place across the 
thermal boundary layer thickness at permeate side (qp) may be given by the 
following equation 
Equation 20: Heat Flux across the Thermal Layer 
       (         ) ……‎(20) 
Where: hp is the heat transfer coefficient of the thermal boundary layer at 
permeate side (M.S. El-Bourawi 2006). 
If steady state conditions are achieved, the following equation is applicable: 
Equation 21: Heat Flux at Steady State Conditions 
              ……‎(21) 
 
II.9.2. Mass Transfer 
 
Mass transfer in membrane distillation consists of a series of consecutive steps:  
 Water from the bulk flow (saltwater) must move through a very thin boundary 
layer on the feed side of the membrane. 
 Then it evaporates at the surface of the membrane.  
 That  step will be followed by moving of water vapor through the membrane 
pores, and  
 After that, it condenses at the membrane surface on the permeate side of the 
membrane.  
 Finally, water will move across another boundary layer before it then joins the 
permeate bulk flow to be collected as product. 
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1. Mass transport through feed side boundary layer, where concentration 
polarization occurs: Several cases are presented: 
Case 1: single volatile component in feed side: there would be no concentration 
gradient (CAb =CAm) only temperature polarization effect is applied. 
Very important notes:  
a. When non-volatile solute(s) are considered, the concentration of the non-
volatile solute(s) at the membrane surface (CBm) becomes higher than that at 
the bulk feed (CBb) with time as long as the separation process is taking place 
(supersaturation conditions may happen). 
b. These conditions may reduce the transmembrane flux due to the establishment 
of concentration polarization (CP)‎layer‎of‎thickness,‎δfC, at the feed side that 
acts as a mass transfer resistance to water. (May because it has low effect as 
the low to moderate flow rates and high heat transfer coefficients reduce its 
impact. So the temperature polarization is a major impact). 
To quantify the mass transport resistance within the concentration boundary layer 
at the feed side, the following expression has been established (concentration polarization 
coefficient (CPC)):  
Equation 22: Concentration Polarization Coefficient 
    
   
   
 ……‎(22) 
To estimate the molar flux of a volatile compound throughout concentration 
boundary layer of non-volatile one, the following equation maybe used: 
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Equation 23: Molar Flux of a Volatile Compound throughout Concentration Boundary Layer of Non-Volatile 
One 
         (
   
   
) …..‎(23) 
Where: NA is the molar flux of the volatile component A, C is the bulk liquid 
phase total molar concentration (CA +CB) and kAf is the mass transfer coefficient of the 
volatile component through the concentration boundary layer. 
Case 2: more than one component is present in the feed side: both concentration 
and temperature gradient occur simultaneously.  
2. Mass transport through the membrane pores: The mass transport mechanism is 
believed to be governed by three basic mechanisms known as Knudsen-diffusion 
(K), Poiseuille-flow (P), Molecular-diffusion (M) or the combinations between 
them known as transition mechanism. 
The general applied model, which describes all, is known as the dusty-gas model 
(N), which is described as follows: 
Equation 24: Dusty-Gas Model 
     [   (   )     (   )] ……‎(24) 
Where C is the membrane distillation coefficient that can be obtained 
experimentally, Pfm(Tfm) and Ppm(Tpm) are the vapor pressure as function of temperature 
at both the feed and permeate at the membrane surface, respectively. 
 
 
II.10. MD Fouling and Suggested Pre-treatment 
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It is very important topic because fouling increases the risk of plugging of the membrane 
pore entrances causing first some flux decay and may lead to membrane pore wetting. 
II.10.1. Types of Fouling 
 
There are different types of fouling as follows: 
a. Scaling: it is commonly used when the hard scales are formed (e.g. CaCO3, 
CaSO4) (Gryta 2011). 
b. Crystallization fouling: Scale formation and deposition at the membrane surfaces 
can reduce the membrane hydrophobicity, which reduces the porosity and hence 
the flux of permeate.  
c. Biological fouling: it happens when the feed temperature is similar to the one 
found in the natural environment. Several papers suggested a proper filtration 
process or boiling the water, but cost is an issue.  
d. Particulate and corrosion fouling: it is the deposition of solid particles in 
suspension onto the membrane surface. While an aqueous solution flows under 
streamline conditions, the tendency for particulate deposition might increase 
under concentration gradient of a component at right angles to the direction of 
flow. Also, this will happen as a result of the random motion of the molecules 
within the fluid system. Corrosion fouling is very important because it may result 
in pore plugging and in damaging the membrane by scratching its surface during 
the movements of the corroded flakes and chunks within the narrow flow 
passages (M.S. El-Bourawi 2006).  
Very important notes:  
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1. Different membrane types may show different degree of fouling as it is believed 
to be depending upon several factors such as membrane hydrophobicity and 
surface structure, initial permeability, feed solution, etc. The more hydrophobic 
membranes the higher tendency of fouling degree will be expected. 
2. In terms of flux decay trend with respect to time, results show there could be a 
link between heat exchanger fouling and MD. It will be an interesting topic of 
research to confirm this phenomenon and make a solid conclusion. 
3. Chemical cleaning with hydrochloric acid may restore fully the DCMD (M.S. El-
Bourawi 2006). 
There are several origins of fouling which inhibit MD membranes and can be listed as 
follows:  
 Chemical reaction at the membrane boundary layer between solutes (e.g. 
formation of ferric hydroxides from soluble forms of iron). 
 Compounds scaling when solubility is exceeded.  
 Adsorption of organic compounds by membrane-forming polymer.  
 Irreversible gel formation of macromolecular substances and colonization by 
bacteria and fungi (Gryta 2011).  
It must be noted that the operating conditions of membrane distillation can restrict the 
microbial growth in MD installation. For that reason, problems associated with 
biofouling should be small (Gryta 2011). 
 
II.10.2. MD Pre-treatment 
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There are different pre-treatments that have been investigated regarding MD. Some used 
micro filtration (MF) while others used ultra-filtration (UF) (S.T. Hsu 2002). But it was 
interesting observation that most of papers coupled MD with nano filtration (NF) and 
forwarded osmosis (FO) membranes (M.S. El-Bourawi 2006; Childress 2011). According 
to the conclusion observed by Gryta, 2011, Tomaszewska et al., 2001 when the wetting 
starts, its effect will still be there even after getting rid of the salt and it will appear there 
again (Gryta, Tomaszewska et al. 2001). Another interesting paper suggested that even 
RO water will foul the membrane (Gryta 2011).   
 
II.11. MD Challenges and Future Studies 
 
II.11.1. MD Challenges 
 
There are several challenges that cripple MD from being commercialized and can be 
listed as follows: 
• Membrane design: a careful design for the membrane to enhance and meet the 
MD requirements should be thoroughly thought about them with best optimum 
solution considering the type of water to be treated. 
• Module design: the module should minimize thermal losses. 
• Membrane pore wetting: to prevent replacement of membrane frequently. 
• Low permeate flow rate: it will be solved when the correct membrane is selected. 
• Flux decay: this will be minimized with controlling the fouling mechanism. 
• Uncertain energetic and economic costs: it will be solved as a last step (Khayet, 
Matsuura et al. 2006) 
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II.11.2. Future Studies 
 
From problems and challenges research will be focused on them to solve those issues: 
• Better membrane design. 
• New module design. 
• Better understanding for membrane pore wetting. 
• Achieve higher permeate flow rate. 
• Achieve certain energetic and economic costs. 
• Commercial sizes of MD (current is lab and pilot). 
• Couple it with different systems (hybridization) and use of renewable or waste 
energies. 
• Pore size distribution and tortuosity and their effects on flux. 
• Process optimizing. 
• New area of application (Li, Xu et al. 2003; Khayet, Matsuura et al. 2006). 
 
II.12. Case Studies 
 
 
In this section, a highlight of the main conclusions from different authors will be given 
El-Bourawi el. at, 2006 stated that the rate controlling step in MD is not only MD 
configuration dependent but it may be subject to the module type and geometry, flow 
mode and operating conditions, as well as membrane morphology and process application. 
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Ohta, Hayano et al., 1991 did an experiment on MD using fluoro-carbon 
membrane. The most interesting result is illustrated in Figure ‎II-9 
 
Figure ‎II-9: Effect of Flow Rate of Brine/ Cooling Water on Permeate Flux (Ohta, Hayano et al. 1991) 
 
According to this graph, there is no point in increasing the flow rate more than 0.8 
m/s because the flux in the permeate side reached the maximum (Ohta, Hayano et al. 
1991). 
This result is confirmed as Al-Obaidani, Curcio et al., 2008 studied MD and the 
conclusion was as follows: 
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Figure ‎II-10: Effect of Flow Rate of Brine/ Cooling Water on Permeate Flux (Al-Obaidani, Curcio et al. 2008) 
 
 
MD appears as an attractive technique for seawater desalination if integrated with 
RO to have a zero liquid discharge. Also, flux and thermal efficiency decline rapidly if 
the solution has too much salt in it, because of the reduction in the activity of the solution 
and due to the reduction in the vaporization heat associated with the transmembrane flux 
(Al-Obaidani, Curcio et al. 2008). 
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Furthermore, S.T. Hsu et al., 2002 studied MD on raw seawater and the 
conclusion was the following: 
When raw seawater is used as feed, the achieved permeate flux is at most half of 
the obtained by using NaCl solution. Also, permeate flux rates will be relatively unstable 
because of the fact that raw seawater is very hard to control in terms of hardness, 
turbidity and organisms, which makes its content vary according to the local weather and 
many other factors. Using raw seawater for a week induces a severe membrane fouling as 
macroparticles and macroorganisms (mussels, barnacles, algae) are present in high 
amount. Therefore, seawater must be pre-treated and fouling parameters must be 
removed from the DCMD feed. As DCMD is operating based on a temperature difference, 
turbidity and fine particulates (TSS) removal is not essential step. Moreover, high TPC 
and CPC will be the principal result of high permeate flux (S.T. Hsu 2002). 
 
Figure ‎II-11: Comparison between Raw Seawater and Pre-treated One Product (S.T. Hsu 2002) 
 
Another interesting result was concluded by the same team of Al-Obaidani, 
Curcio et al., 2008 once they studied the effect of using a heat recovery on MD 
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Figure ‎II-12: Total Water Cost vs. Water Recovery for DCMD without HR System (Dotted Line) and for 
DCMD with HR System (Solid Line) (Al-Obaidani, Curcio et al. 2008) 
 
 
As shown in Figure ‎II-12, in case of DCMD, when operating at medium values of 
recovery factor (~50%), the cost will be 15% lower when using heat recovery than 
without it. However, at high water recovery factor, the water will be very close to each 
other, meaning that the use of HR system will not give much benefit. This is believed 
because of the fact that the amount of hot brine limiting recovering possibility is reduced 
to a significant amount. Moreover, MD seems unfavorable at that region due to the 
additional resistance to mass transport offered by the membrane. As a result, thermal 
efficiency is reduced as heat loss by conduction increases. Moreover, cost analysis data 
indicates that feed temperature should be around 60 
○
C to insure  optimum operative 
condition (Al-Obaidani, Curcio et al. 2008). 
 
Gryta et al., 2011 studied the MD and they used tap water, the following shape of 
permeate flux vs. time was obtained: 
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Figure ‎II-13: Permeate Flux vs. Time (Gryta 2011) 
 
They concluded the following facts: 
The SEM membrane analysis revealed that the deposit penetrated into the pores. 
Moreover, the application of chemical water softening and the net filters (surface 
crystallization) allows limiting the amounts of precipitates deposited on the membrane 
surface during water desalination by MD process. Furthermore, effective water pre-
treatment by NF and RO processes did not completely eliminate fouling. Also, the 
chemical pre-treatment of ground water caused a significant decrease of the concentration 
of compounds responsible for the formation of a deposit on the membrane surface during 
the MD process (Gryta 2011). 
 
The table below summarizes some of bench scale tested MD with their characteristics 
Table ‎II-3: Summery of Studied MD and the Highlighted Conclusions 
Author membrane 
Feed 
Temp 
°C 
Perm. 
Temp 
°C 
Flux 
kg/m
2
.hr 
Feed 
source 
Distillate 
quality 
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Khayet et 
al 
TF200 from 
Gelman 
PTFE 
Pore size=0.2 m 
Porosity = 68.7% 
Thickness = 54m 
52.2 42.2 10.44 
1870 ppm 
of NaCl 
99.8% 
rejection 
Khayet et 
al 
TF200 from 
Gelman 
PTFE 
Pore size=0.2 m 
Porosity = 68.7% 
Thickness = 54m 
52.2 42.2 8 
60000 
ppm of 
NaCl 
99.8% 
rejection 
Childress 
et al 
TS22 from 
Osmonics corp. 
PTFE / PP 
Pore size=0.22 m 
Porosity = 70% 
Thickness = 175m 
Active-layer 
thickness =5-10m 
60 20 78 
600 PPM 
NaCl 
99.9 % 
rejection 
Childress 
et al 
TS45 from 
Osmonics corp. 
PTFE / PP 
Pore size=0.45 m 
Porosity = 70% 
Thickness = 175m 
Active-layer 
thickness =5-10m 
60 20 80 
600 PPM 
NaCl 
99.9 % 
rejection 
Lawson et 
al 
3ME PP 
Pore size=0.73 m 
Porosity = 85% 
Thickness = 79m 
80 20 145.8 
Distilled 
water 
Distilled 
water 
Lawson et 
al 
3ME PP 
Pore size=0.73 m 
Porosity = 85% 
Thickness = 79m 
74 20 116.64 
40000 
ppm NaCl 
Close to 
100% 
rejection 
Khayet et 
al 
GVHP from 
Millipore PVDF 
Pore size=0.28 m 
Porosity = 70% 
Thickness = 
117.7m 
51.9 41.9 3.2 
1870 ppm 
of NaCl 
99.8% 
rejection 
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The table below summarizes some of bench scale tested MD with their characteristics 
Table ‎0-4: Summery of Some Pilot Scale MD and their Highlighted Conclusions 
 
 
Pilot plant 
type 
Feed 
source 
Feed 
temp   
ᵒC 
Distillat
e temp 
ᵒC 
Max. flux 
kg/m2.hr 
duration 
Module 
type 
Heat source 
Cooling 
source 
author 
DCMD 
City water, 
city water 
+ NaCl 
(3.5,6,10%
) 
Seawater 
trucked 
from long 
island 
sound 
64-93 20-54 55 3 months 
1-10 
crossflow 
Hollow 
fibers each 
with 0.6 
m2 
Steam 
Utility 
cooling 
water 
Sirkar et 
al 
AGMD 
manufacture
d by scarab 
AB 
1-35 g/l 
marine 
solutions 
Up to 
85 
Up to 
75 
7 4 months 
2.8 m2 flat 
sheet 
Static Solar 
collectors 
Air 
cooler 
Blanco et 
al 
AGMD 
Seawater 
from Red 
Sea 
60-80 
Ambien
t temp. 
1.5 
4 months 
up to the 
report 
date 
4 modules 
with 10 m2 
spiral 
wound 
Static Solar 
collectors 
72 m2 
none 
Banat et 
al 
AGMD 
manufacture
d by scarab 
AB 
Municipal 
water, flue 
gas 
condensate 
70 15 2.3 
One 
month 
5 modules 
each one 
has 10 
cassettes 
area = 2.3 
m2 
District 
heating 
supply 
Municipa
l water 
A.Kullab 
and A. 
Martin 
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Chapter III Materials and Methods 
 
In this section, a detailed explanation of the designed module, membranes used and the 
experimental set up used to conduct the DCMD experiments will be outlined. 
 
III.1 Materials 
III.1.1.  Membranes 
 
There are different membranes that were analyzed. However, the membrane used 
in this research was provided by Professor Neal Chung from National University of 
Singapore (NUS).  
The characteristics of the PVDF-T30 membrane and its morphology are presented 
in Table ‎III-1 and Figure ‎III-1 
Table ‎III-1: Characterization of Single Layer PVDF Hollow Fibers with Different PTFE Particles Loading 
(Teoh and Chung 2009) 
Property PVDF-T30 
Outer Diameter (μm) 982 
Inner Diameter (μm) 692 
Thickness (μm) 145 
Porosity (%) 81 ± 4 
Contact Angle (
○
) 93 ± 3 
Mean Pore Size (μm) 0.136 ± 0.005 
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Bubble Point (μm) 0.215 ± 0.002 
Effective Length (cm) 
17~18 
Number of Fibers in the Module 
15 
Membrane Effective Area (m
2
) 
0.007691 
 
The FESEM morphology of the membrane is presented in Figure ‎III-1. 
 
 
Figure ‎III-1: FESEM Morphology of PVDF Hollow Fibers, PTFE Particles Loading 30 wt.% [External 
Coagulant: IPA/Water: 40/60 wt%] (Teoh and Chung 2009) 
 
III.1.2.  Water Sample  
 
Deionized (DI) water was used for this experiment as a base line to study the effect of 
various conditions which affect the MD process. Once the optimum conditions are found, 
UF pre-treated seawater obtained by Samer Al Mashharawi (MSc thesis work) will be 
used as MD feed water as future studies. 
 
III.2  Experimental Methods 
 
Cross Section  Outer Surface   Inner Surface 
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In this section, a detailed description to the experimental set-up and the procedure for the 
MD process are presented. 
III.2.1.  Module Design 
 
The module has been designed by the research team and fabricated in KAUST workshop. 
Teflon was selected to make the MD module as it has a high thermal resistance and great 
corrosion resistance. Furthermore, it is a low-cost material and available in the local 
market. A schematic diagram and lab bench scale of the designed module is presented in 
Figure ‎III-2. 
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Figure ‎III-2: (a) Schematic Diagram of DCMD Module (b) DCMD Flat Sheet Module Designed and Fabricated 
in KAUST Where (b.1) is the Module from Inside (b.2) is 3D Image and (b.3) is the Elevation of the Module 
 
It is believed that this design will provide the maximum turbulence of feed water 
near the membrane surface and will allow a uniform feed flow. The principle was taken 
from Ruben's flame tube experiment with basic understanding about how fluid behave in 
pipes. 
(a) 
(b.1)        (b.2) 
(b.3) 
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Under different flow pressures, the pattern of the flame will vary according to the 
following figure:
 
Figure ‎III-3: Ruben's Tube Experiment, (a) Constant Pressure Case and the Flame Pattern Behaviour. (b) 
Varying Pressure Case and the Flame Pattern Behaviour (Ansell) 
 
To obtain the same flow pressure, the best option is to put two openings on the 
module. However, that is impossible and impractical. To achieve a good solution, one 
opening was introduced in the middle followed by a channel and elbow to insure a better 
distribution and turbulence of feed water as shown in Figure ‎III-2. 
Another module was made with same specifications but with smaller size to test 
local membranes as requested by our membrane colleagues. The following photo is 
illustrating the module.  
(a)         (b) 
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Figure ‎III-4: Flat Sheet DCMD Module Designed and Fabricated in KAUST: (a) Plan. (b) One Sheet Detailed 
View. (c) Elevation. 
 
Readings of pressure, temperature and flow rate of feed and permeate were 
measured by Alicat Scientific L Series device. The water quality (in terms of TDS) where 
analyzed by conductivity meter (Oakton conductivity/ TDS/ 
○
C/ 
○
F meter) device. The 
temperature of hot side was kept constant by using Heidolph MR Hei-Standard heater. 
Similarly, cold side was controlled by using chiller device (Thermo Scientific K20). In 
(a)         (b) 
(c) 
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both cases, hot and cold sides were coupled with thermo regulator in order to achieve 
consistent temperature. The tubes were thermally insulated by (armaflex) to minimize the 
heat/ cool losses. Hot and cold sides were pumped by Aqua RO booster pumps. 
 
III.2.2.  Experimental Set-up 
 
As illustrated in Figure ‎III-5, the feed is heated and kept at constant temperature, 
then it is pumped to the DCMD module throughout the insulated tubes. Flow rate, 
temperature and pressure were measured in the inlet and outlet of the membrane. A heat 
exchanger was used at the outlet of the membrane to maintain the brine heat before going 
back to the feed tank. This step is to help keeping constant temperature in the closed loop. 
Similarly for the cold side, but in addition the distillate tank is set on a balance to 
measure the increasing weight of the distillate over time. The valves are introduced to 
control the flow and the pressure across the system in both sides. 
 
Figure ‎III-5: MD Schematic of the Flow Diagram and Set-up 
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A picture of the experimental unit is shown in Figure ‎III-6. 
 
 
Figure ‎III-6: Photo of the MD Bench Scale Unit 
 
III.2.3.  MD Procedure 
 
The feed and distillate were heated and cooled to the desired temperatures (started 
at 40 and 25 
○
C respectively). When these temperatures are stable along with flow and 
pressure for both hot and cold sides, valves were opened and left for an hour or an hour 
and half to reach steady-state conditions before any readings were taken. 
As the MD process has so many varying parameters, care should be taken in the 
selection of the optimum conditions. For that reason, the experiment must be run on the 
baseline case, which is DI-DI water to determine the optimum conditions for the feed and 
distillate before running any other feed water.  
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First step was to fix the hot side rate at 40 
○
C and varying the cold side from 25 to 
12 
○
C while fixing the pressure and flow rate at the same valves (2 PSI and 1.00 LPM for 
the hot side and 1.10 PSI and 0.11 LPM for the cold one).  Then the optimum cold 
temperature was fixed, based on flux versus energy consumption and the feed side 
temperature was raised from 40 to 70 
○
C keeping all other conditions the same in order to 
obtain the optimum temperature of hot side. 
After fixing the optimum temperatures, other operating parameters such as flow rate 
and pressure of both sides will be varied in order to obtain the optimum conditions of the 
system on the following criteria: 
1. Hot side criteria: 
a. Effect of raising temperature: 
It is reported in literature that raising temperature gets high flux, but the 
percentage of the increase should be considered versus other parameters such 
as cost of heating, scaling potential (estimated by Stiff & Davis Stability 
Index) and fouling and biofouling potential. Each one will be explained in 
details in III.3.1.  Hot Side Analysis‎0 section. 
b. Effect of increasing flow rate: 
It is reported in literature that increasing flow rate of feed will increase the 
flux of permeate. However, it should be evaluated against the percentage of 
flux increment, its cost and pore wetting potential. Those will be discussed in 
details in III.3.1.  Hot Side Analysis section. 
c. Effect of increasing pressure: 
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As reported in literature, there is no such permeate flux increment when 
pressure increases because MD is not pressure driven process. Moreover, any 
increase in pressure means more cost and raising the potential of pore wetting. 
Furthermore, it should be stated that LEP is a function of membrane and fluid 
media (i.e. water source should be analyzed to see its surface tension). Thus, 
under any case, the optimum value of flow rate should take into 
considerations pore wetting behavior. 
 
2. Cold side criteria: 
a. Decreasing temperature effect: 
As reported by several authors, permeate flux will increase with decreasing 
the cold side temperature. However, this should be taken into account with the 
cost of cooling and other issues, such as the mechanical equipment of cooling 
and other stuffs which will be discussed in details in III.3.2.  Cold Side 
Analysis. 
b. Increasing the flow effect: 
It is known that increasing the flow rate will increase permeate flux. However, 
the percentage of gain versus cost of pumping and wetting potential must be 
taken into account. Those effects will be discussed later in III.3.2.  Cold 
Side Analysis. 
c. Increasing the pressure effect: 
This case is similar to case 1 c  and one point worth to be added, which is 
the pressure of the cold side must be lower than the feed one as reported by 
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several authors (El-Bourawi et al., 2006), though that pressure difference 
between the two sides of the membrane is the driving force for MD process. 
 
 
 
III.3.  Analysis 
 
III.3.1.  Hot Side Analysis 
 
1.  Permeate flux enhancement when temperature of feed is increased: 
Several researches stated that the effect of increasing the temperature of the hot side 
is much beneficial than the cold side, which is true if it is compared with the vapor 
pressure curve of water as shown in both Figure ‎III-7 and Figure ‎III-8 which are obtained 
experimentally. In case of very low temperatures, the difference in temperature will give 
very small effect while at higher temperatures it gives better effects. Nevertheless, there 
should be an economical and operational optimum limit after which the increase in 
temperature is not favored. Some researchers reported that 80 
○
C gives great results, but 
author think that with such temperature it would be better to use commercial thermal 
processes such as MED as they are already established and efficient. 
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Figure ‎III-7: Vapor pressure of Water (kPa) as Function of Cold Side Temperature versus Flux Enhancement 
 
Figure ‎III-8: Vapor pressure of Water (kPa) as Function of Hot Side Temperature versus Flux Enhancement 
 
2. Permeate flux versus cost of heating when temperature of feed is increased: 
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As stated above, permeate will be higher when feed temperature goes higher but 
the cost of heating gets higher too. According to the experiment, increasing feed 
temperature will affect the cold side and it will give more intensive energy rates to 
cool it down again and cooling water also requires energy. The hot feed temperature 
should be selected carefully in order to save energy and decrease the potential of 
fouling and scaling, which will be discussed in the next paragraph. 
 
3. Permeate flux versus scaling potential (estimated by Stiff & Davis Stability Index) 
when temperature of feed is increased: 
It is known from chemistry that the reactivity of salt ions will vary according to 
the temperature of the solution. Most of solubility will decrease in the water when 
temperature increases and thus salts will crystalize, which is known as scaling. For 
high saline water (i.e. seawater) an indication of scaling potential is given by Stiff & 
Davis Stability Index (S & DSI). It is based on the pH of saturation level of the 
dissolved solids in the water and their tendency to precipitate. S & DSI is a better 
indicator than Langelier Saturation Index (LSI) for high saline water even it is based 
on the same principle and is calculated by the standard ASTM method D4582-
91(2001) (LTD 2004).  
S & DSI is calculated by the following equation 
Equation 25: S & SDIc Calculation 
                  ……‎(25) 
Where pHc is actual pH of concentrate and pHs is the pH at saturation 
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 For S & DSIc > 0, water is super saturated and tends to precipitate a scale layer 
formation (mostly CaCO3). 
 For S & DSIc = 0, water is saturated (in equilibrium) with CaCO3. A scale layer of 
CaCO3 is neither precipitated nor dissolved. 
 For S & DSIc < 0, water is under saturated and tends to dissolve solid CaCO3. 
DOW chemicals has applied the following calculation method to estimate S & 
DSI, the procedure is as follows (Chemicals): 
1) Calcium concentration is calculated in the concentrate stream  as CaCO3 in mg/L 
by the following equation: 
Equation 26: Calcium Concentration in the Concentrate Stream Calculation 
        
 
   
 ……‎(26) 
Where: Cac is the calcium concentration in concentrate stream, Caf is the calcium 
concentration in feed stream, Y is the Recovery of the reverse osmosis system (in this 
case, it is the recovery of MD). 
 
2) Alkalinity in the concentrate stream is calculated as CaCO3 in mg/L by the 
following equation: 
Equation 27: Alkalinity in the Concentrate Stream Calculation 
          
 
   
 ……‎(27) 
Where: Alkc is the alkalinity level in concentrate stream and, Alkf is the alkalinity 
level in feed stream. 
 
3) Ionic strength of the feed stream can be calculated by the following equation: 
Equation 28: The Ionic Strength of the Feed Stream Calculation 
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∑     
  ……‎(28) 
Where: m is the molality (mol/kg{H2O}), i is the number of individual element, z 
is the charge of element. 
4) Ionic strength of the concentrate stream can be measured by the following 
equation: 
Equation 29: The Ionic Strength of the Concentrate Calculation 
      
 
   
 ……‎(29) 
Where: Ic is the ionic strength in concentrate stream and If is the ionic strength in feed 
stream. 
 
5) From Figure ‎III-9, pCa as a function of Cac and pAlk as a function of Alkc are 
obtained. Then from Figure ‎III-10 , "K" as a function of concentrate ionic strength 
and feed temperature is known. 
 
Figure ‎III-9: Conversion of Calcium and Alkalinity yo pCa And pAlk 
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Figure ‎III-10: "K" as a Function of Concentrate Ionic Strength and Feed Temperature 
 
6) pHs at which the concentrate stream is saturated with CaCO3 (pHs) can be 
calculated as follows: 
Equation 30: pHs Calculation 
                    ……‎(30) 
 
7) The free carbon dioxide content (C) in the concentrate stream can be calculated 
by assuming CO2 concentration in the concentrate is equal to CO2 concentration 
in the concentrate, i.e. Cc = Cf and can be obtained from Figure ‎III-11. 
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Figure ‎III-11: pH Versus Methyl Orange Alkalinity/Free CO2 
8) By using the ratio of alkalinity Equation 27, the pH of the concentrate stream can 
be calculated to free CO2 (from step 7). 
9)  Stiff and Davis Stability Index of the concentrate (S & DSIc) can be estimated as 
follows: 
                  ……‎(25) 
In literature, rejection of MD = 99.99% and thus if Red Seawater is used which 
can be analyzed and then S & DSI can be estimated for several degrees and thus 
scaling potential versus flux can be obtained.    
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4. Permeate flux versus fouling and biofouling potential when temperature of feed is 
increased: 
This can be minimized by studying the feed water's organic carbon and its 
biological growth versus the temperature of the feed and then an optimum feed 
temperature will be obtained. 
 
5. Permeate flux enhancement and its cost when the flow rate is increased: 
When flow rate increases, the flux increases too. However, it will grow rapidly to 
a certain level then there will be a gradual enhancement. Thus a limit should be taken 
into account for pore wetting potential and cost issues. 
As discussed earlier, the higher the rate means the higher the cost. Thus cost for 
flux enhancement should be taken into consideration for long term operation in order 
to obtain an optimum flow rate. 
 
Some of these points will be discussed in details in Results and Discussion. 
 
III.3.2.  Cold Side Analysis 
 
 
1. Permeate flux enhancement when the temperature is decreased and its cooling cost: 
Several researchers reported that the lower temperature the better the flux as the 
vapor pressure difference will be higher. In other words, the transmembrane vapor 
pressure decreases as the permeate temperature decreases (El-Bourawi et al., 2006). 
However, as will be discussed in Results and Discussion, there is an optimum limit 
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giving the highest flux in order not to increase the required energy input for cooling 
without signification benefit. A product enhancement versus energy cost is required 
to find out the ideal temperature of the cold side as will be explained in Results and 
Discussion. 
 
2. Permeate flux enhancement when flow rate is increased and its cost: 
Several researchers reported that the higher the flow rate the better the flux. But, 
after a certain optimum value, there is no need to increase it more (El-Bourawi et al., 
2006; Al-Obaidani, Curcio et al. 2008). For this a study for the flow rate with the 
enhancement is required to get optimum results. For cost issue, the same trend in 1 is 
applied for the cost when flow rate is increased. 
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Chapter IV Results and Discussion 
 
Influence of Temperature on Flux Enhancement 
 
IV.1. Cold Side Effect 
 
The results obtained for the flux enhancement when the temperature of the 
distillate is decreased showed a constant increase in the mass gained (i.e. permeate). 
There is a linear relationship between the mass gained and the decrease in the 
temperature. This is due to the increase of the differential temperature ΔT as shown in 
Figure ‎IV-1 which favors flux enhancement. Moreover, the increase of the mass gained 
get really narrow as temperature is decreased further due to the fact that the vapor 
pressure difference at very low temperature is really small as discussed earlier. For 
example, the difference in vapor pressure between 25 
○
C and 20 
○
C is 0.9 kPa whereas 
the difference is equal to 1.8 kPa in the case of 25 
○
C and 12 
○
C as shown in Figure ‎IV-2. 
The difference between hot side and cold side of the two mentioned cases were 15 and 28 
○
C, respectively. Moreover, once considering the baseline case as 40-25 
○
C of hot and 
cold sides respectively, the mass gained reached 1.4-1.5 more floods than the baseline 
while the temperature was decreased from 20 to 12 
○
C as shown in Figure ‎IV-3. 
Therefore, there is no much gain in mass if the temperature of the cold side decreases too 
much. The energy required for cooling will be much higher than the gained product flow. 
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Figure ‎IV-1: Comparison Between Mass Produced and Temperature Decrease in Cold Side, Mass is Measured 
by Grams 
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Figure ‎IV-2: Vapor pressure (kPa) of Water as a Function of Temperature 
 
Figure ‎IV-3:‎Mass‎Gained‎Ratio‎versus‎ΔT‎over‎Three‎Hours‎Run,‎Considering‎Baseline‎Case‎as‎40-25 
○
C of 
Hot and Cold Sides Respectively 
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To help in choosing the optimum cold side temperature, energy required for 
heating and cooling was calculated based on thermodynamics laws. Minimum energy 
needed to change the water temperature can be given by the following equation: 
Equation 31: Energy Required to Change the Temperature of Water 
           ……‎(31) 
Where: Q is the energy required to change the temperature of water, Cp is specific 
heat of water and m is the mass of water. 
As temperature went down, the cooling and heating rates increased. Nevertheless, 
the increasing rates show that after three hours, they starts to behave in different order as 
they started to reach optimum values. There is no available explanation to this 
phenomenon and recommended further studies should be done to know the real 
explanation of this behavior which is shown in Figure ‎IV-4.  
Since the last figure did not give much details, another ratio curve was generated 
and results are given in Figure ‎IV-5 considering that 40-25 is the baseline case again. 
Figure ‎IV-5 shows another interesting phenomenon, which is a rapid decline in the ratio 
with time until two hours twenty four minutes when they reached a steady state value of 
around 1.1. This indicates that at any cold side temperature difference, the long term 
effect will be the same regardless of the consumed energy. It seems that the DCMD 
system reaches thermodynamic equilibrium after 2.5 – 3 hours run. 
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Figure ‎IV-4: Heating and Cooling Rates versus Time 
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Figure ‎IV-5: Heating and Cooling Rates Ratios versus Time 
 
As a summary, there is not much gain of mass when the temperature is cooled down to 12 
○
C. 
Another curve of temperature versus permeate flux was generated to find the 
exact optimum cold side temperature and results are shown in Figure ‎IV-6. 
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Figure ‎IV-6: Permeate Flux as a Function of Cold Side Temperature 
 
As shown in Figure ‎IV-6, the maximum flux can be obtained by approximating 
the experimental curve to the theoretical equation: 
Equation 32: Theoretical Permeate Flux as a Function of Cold Side Temperature 
                                ……‎(32) 
By derivative we can get:  
                         
Set y' = 0 then: 
y = -0.0088x2 + 0.2487x + 1.588 
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Therefore x = 14.13 
○
C and applying that in the equation we get y = 3.345 kg/m
2 
hr
 
With this temperature and the above discussion, it is believed that an optimum 
degree should be set higher than 14.13 
○
C. To achieve this, Cost analysis should be done 
as shown in both Figure ‎IV-7 and Figure ‎IV-8. 
 
Figure ‎IV-7: Actual Product (kg) to Cost (SAR) 
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There is not much to say about this figure as collected data is not behaving in 
consistent way. Nevertheless, it can be shown that the desired temperature is between 20 
and 15 
○
C. 
To have a clearer idea, an average product versus cost over time is generated and the 
results show clearly in Figure ‎IV-8 that for long term, temperature should be around 20 
and 15 
○
C. 
 
Figure ‎IV-8: Average Product (kg) to Cost (SAR) 
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To get an exact value of optimum cold side temperature, Equation 32 was taken 
again and 90% of the maximum flux was taken, i.e. 3.06 kg/ m
2
 hr based on the above 
discussion and the optimum cold side temperature is 20 
○
C for this membrane. 
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Comparing the obtained results with the given information in Figure ‎IV-9, there is 
not much difference once the line of obtained flux are extended. 
 
 
Figure ‎IV-9: Permeation Flux Obtained for Single Layer Hollow Fiber with Different PTFE Particle Loadings 
(Teoh and Chung 2009) 
 
IV.2.  Hot Side Effect 
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temperature of the feed side is increased show that a constant increase in the mass is 
gained (i.e. permeate). There is a linear relationship between the mass gained and the 
increase in the temperature shown in Figure ‎IV-11. This is due to the increase feed water 
differential temperature ΔT as shown in Figure ‎IV-10. Moreover, the increase of the mass 
gained get bigger as temperature is increased due to the fact that the vapor pressure 
difference at high temperature is big as discussed earlier. For example, the difference in 
vapor pressure between 70 
○
C and 20 
○
C is 28.9 kPa whereas the difference is equal to 
17.6 kPa in the case of 60 
○
C and 20 
○
C as shown in Figure ‎IV-10. The difference 
between hot side and cold side of the two mentioned cases were 50 and 40 
○
C, 
respectively and the percentage of increasing vapor pressure was more than 160%.  
 
 
Figure ‎IV-10: Vapor Pressure as a Function of Temperature 
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Figure ‎IV-11: Mass Gained with Time at Different Feed Temperatures 
 
Moreover, once considering the baseline case as 40-20 
○
C of hot and cold sides 
respectively, the mass gained increased dramatically from 1.9 to almost 5 times more 
than the baseline when feed temperature was increased from 20 to 70 
○
C as shown in 
Figure ‎IV-12. Therefore, it is worth raising temperature of the hot side to higher levels to 
get better product. However, there will be a limit of hot side temperature after which the 
MD system will not be technically and economically feasible. This could be compared to 
the net driving pressure in seawater RO system. Where theoretically the flux is 
proportional to the applied pressure but a limiting pressure value is set to operate the RO 
system at optimum conditions. 
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Figure ‎IV-12: Mass Gained Ratio versus Time at DifferentΔT, Considering Baseline Case as 40-20 ○C of Hot 
and Cold Sides Respectively 
 
To help in choosing the optimum hot side temperature, energy required for 
heating and cooling was calculated based on thermodynamics laws. Minimum energy 
needed to change the water temperature can be given by Equation 32. 
As temperature increased, the cooling and heating rates increased and they do not 
show any sign of reaching optimum values as shown in Figure ‎IV-13.  
 
0
1
2
3
4
5
6
0:00 0:07 0:14 0:21 0:28 0:36 0:43 0:50 0:57 1:04
M
as
s 
G
ai
n
e
d
 R
at
io
 
Time, hour:min 
Mass Ratio 50-20 Mass Ratio 60-20 Mass Ratio 70-20
90 
 
 
Figure ‎IV-13: Energy Required for Heating and Cooling Rates versus Time 
 
To better understand this phenomenon, another ratio curve was generated and 
results are given in Figure ‎IV-14 considering that 40-20 is the baseline case. It shows an 
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○
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Figure ‎IV-14: Heating and Cooling Rates Ratios versus Time, considering 40-20 as the Baseline 
 
Another curve of temperature versus permeate flux was generated to find the 
exact optimum hot side temperature and results are shown in Figure ‎IV-15. 
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Figure ‎IV-15: Permeate Flux as a Function of Feed Temperature 
 
 
As shown in Figure ‎IV-15, the maximum flux can be obtained by approximating 
the experimental curve to the theoretical equation: 
Equation 33: Theoretical Permeate Flux as a Function of Hot Side Temperature 
                                               ……‎(33) 
By derivative we can get:  
                                     
Set y' = 0 then: 
y = -0.0004x3 + 0.0685x2 - 3.4008x + 54.608 
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Or  
                                  
Therefore by solving the quadratic equation, x = 77.69 
○
C or x = 36.5 
○
C, which 
are the maximum and minimum permeate fluxes 
When x = 77.69 
○
C then y = 16.28 kg/m
2
 hr  
When x = 36.5 
○
C then y = 2.29 kg/m
2 
hr
 
To set up the inflection point (i.e. where the flux is starting to decline after), y" 
should be found and set to 0 
By derivative we can get:  
                              
Set y" = 0 then: 
                           
Then solving for x we get that x = 57.08 
○
C and the flux should be = 9.28 kg/m
2 
hr 
With these temperatures and the above discussion, it is believed that an optimum 
degree should be set between 57.08 and 77.69 
○
C. To achieve an accurate one, cost 
analysis should be done as shown in both Figure ‎IV-16 and Figure ‎IV-17. 
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Figure ‎IV-16: Actual Product (kg) to Cost (SAR) 
 
 
Figure ‎IV-17: Average Product (kg) to Cost (SAR) 
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As shown in the above figures, there is no much difference between product to 
cost of 70-20 and 60-20 cases while there is a big difference between them and 50-20 
case, which confirm that they both 70-20 and 60-20 cases are above the inflection point. 
Percentage of flux gain between maximum and inflection point is more than 175% but it 
is around 166% between maximum and 60 
○
C and around 106% between 50 and 60 
○
C.  
To get an exact value of optimum hot side temperature, Equation 33 was taken 
again and 74% of the maximum flux was taken (or as percentage to inflection point 
130%), i.e. 12.06 kg/ m
2
 hr based on the above discussion and the optimum hot side 
temperature is 65 
○
C for this membrane. 
Comparing the obtained results with the given information in Figure ‎IV-9, there is 
big difference between results collected and that is due to the different flow rates 
operated in the presented paper and the experimental unit. This is a strong indication that 
at case of lower temperatures, flow rate does not have a strong effect while it shows high 
influence once the feed side temperature is raised above 60 
○
C. 
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Chapter V Conclusion and Recommendations 
 
V.1. Conclusion 
 
In this work, the literature on MD was reviewed in detail and compared to other 
commercially available technologies. Also, a local module was built but not yet tested 
due to a lack of flat sheet membranes. However, the module design was based on fluid 
and vapor behavior of water, and it is believed that it will give promising results. In this 
work, two different hollow fiber membranes assembled in different modules provided by 
research collaborators from NUS were used. Results showed that extensive energy 
analysis of DCMD provided a better answer to an important question raised in almost all 
published papers: what is the actual energy required for this process? Moreover, the study 
was extended to highlight the real gain versus cost and, more importantly, the possibility 
of scaling up the process in the near future. 
 Even though MD seems to be a promising technology, there are many questions 
that have not been fully answered, such as energy analysis for increasing the flow rates of 
the hot and cold sides and the potential pore wetting phenomenon. More importantly: 
how will increasing the flow rate affect both feed and distillate sides while conserving the 
most amount of energy? It is clear from this work that MD is not a good alternative to 
current commercially available technologies if it is not coupled with waste or renewable 
energy sources. 
 Developing a good membrane is the real key behind a successful MD process. 
According to the data collected, both the hot and cold sides are greatly affected, and a 
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huge amount of energy is wasted on the recirculating flow. It may be a good idea to test a 
once-through method or to develop a new technique that will minimize the energy 
required to reheat feed or to re-cool distillate, such as a heat recovery system. Another 
important point that should be raised here is that other MD configurations should be 
tested and analyzed - as DCMD shows some deficiency in terms of heat resistance - 
keeping in mind the cost and energy required to gain more permeate. 
 According to the data collected, it is believed that the most important parameter of 
DCMD is the membrane in terms of heat transfer and, therefore, the optimal cold and hot 
temperatures should be customized as explained earlier. Flow hydrodynamics and 
module design are also important parameters affecting the development of the MD 
process. In this work for the studied membrane, PVDF 30, the cold and hot optimal 
temperatures were found to be 20 
○
C and 65 
○
C, respectively. Other parameters such as 
feed and permeate flow rates and pressures were also investigated but more data, 
including on the PVDF membrane, are needed in order to draw a consistent conclusion. 
 
V.2. Recommendations 
 
There are several recommendations that should be taken into consideration in order to 
enhance the MD process, and they are listed below: 
 An extensive MD flow study should be performed in order to understand the 
real behavior of the water-vapor phase and its relation to the water vapor and 
operating parameters. 
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 Coupling MD with renewable or waste energy and studying the effect of 
increasing the flow rate on the cost, as initiated in this work. 
 There should also be a link between the pressure applied across the module 
and other operating parameters which require deeper investigation. 
 Study MD under real seawater and see its performance with respect to the 
baseline (DI-DI). In theory there should be no difference, but in reality the 
flux is expected to be at most half of the one obtained for the baseline case. 
 In real seawater applications, more suitable alternative pretreatments might be 
required to avoid fouling and scaling. 
 A better MD module design should be made based on the understanding of the 
MD process and fluid mechanics laws. 
 Develop a more suitable MD membrane by taking into account the obtained 
experimental results. 
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